The purpose of this study was to evaluate the usefulness of the in vitro biorelevant gastrointestinal transfer (BioGIT) system in assessing the impact of dose and formulation on early exposure by comparing in vitro data with previously collected human plasma data of low solubility active pharmaceutical ingredients. Eight model active pharmaceutical ingredients were tested; Lu 35-138C (salt of weak base in a HP-beta-CD solution, three doses), fenofibrate (solid dispersion, tablet, two doses), AZD2207 EQ (salt of weak base, capsule, three doses), posaconazole (Noxafil® suspension, two doses), SB705498 (weak base, tablets vs. capsules), cyclosporine A (Sandimmun® vs. Sandimmun® Neoral), nifedipine (Adalat® capsule vs. Macorel® tablet), and itraconazole (Sporanox® capsule vs. Sporanox® solution). AUC 0-0.75h values were calculated from the apparent concentration versus time data in the duodenal compartment of the BioGIT system. Differences in AUC 0-0.75h values were evaluated versus differences in AUC 0-1h and in AUC 0-2h values calculated from previously collected plasma data in healthy adults. Ratios of mean AUC 0-0.75h , mean AUC 0-1h , and mean AUC 0-2h values were estimated using the lowest dose or the formulation with the lower AUC 0-0.75h value as denominator. The BioGIT system qualitatively identified the impact of dose and of formulation on early exposure in all cases. Log-transformed mean BioGIT AUC 0-0.75h ratios correlated significantly with log-transformed mean plasma AUC 0-1h ratios. Based on this correlation, BioGIT AUC 0-0.75h ratios between 0.3 and 10 directly reflect corresponding plasma AUC 0-1h ratios. BioGIT system is a valuable tool for the assessment of the impact of dose and formulation on early exposure to low solubility drugs.
INTRODUCTION
Early exposure, after oral administration, is clinically relevant in situations where rapid onset of drug action is desired. Relevant examples include therapies for breakthrough pain, analgesia, and insomnia (e.g., 1). When a lipophilic active pharmaceutical ingredient (API) is administered orally, early exposure is controlled by the performance of the drug product in the stomach and the upper small intestine, i.e., the dissolution process. In the case of a weak base or an enabling formulation, there is a potential for the API to maintain supersaturated concentrations in the upper small intestine. In cases where luminal supersaturation is aimed and/or luminal precipitation is likely, in vitro drug product performance is usually evaluated on a sequential basis by simulating the transfer from the stomach into the small intestine (2) (3) (4) (5) .
The biorelevant gastrointestinal transfer (BioGIT) system is a recently proposed in vitro setup for evaluating the impact of gastrointestinal transfer on drug product performance in the fasted state (4) . The design of BioGIT has been based on luminal data, after administration of highly permeable APIs to healthy adults, i.e., the conditions in the duodenal compartment take the transport of a highly permeable API via the epithelium of upper small intestine and the transit through the upper small intestine into account (4) . BioGIT comprises commercially available equipment and has been shown to be useful in reproducing concentrations measured in the upper small intestine after administration of lipophilic weak bases formulated as s o l u t i o n s , i m m e d i a t e r e l e a s e p r o d u c t s , a n d / o r disintegrating enabling formulations (6, 7) . With BioGIT, evaluation of concentrations in the upper small intestine during the first hour after drug administration is possible without the need of in silico modeling.
In this study, we evaluated for the first time the usefulness of BioGIT data in assessing the impact of dose and formulation on early exposure of eight model lipophilic APIs by comparing data with previously collected plasma data in healthy adults. A diverse range of formulations, including enabling formulations, were employed. Physicochemical and biopharmaceutical characteristics of the model APIs along with the doses and formulations tested in the present investigation are presented in Table I .
MATERIALS AND METHODS

Materials
Lu 35-138C crystalline salt (hydrochloric salt ≈ 100% purity) and aqueous solution (1 mg Lu 35-138 base equivalent per mL) were kindly provided by H. Lundbeck A/S (Valby, Denmark). Excipients in the solution were 10% (w/v) hydroxypropyl-beta-cyclodextrin (HP-β-CD) and 10 ppm neohespiridine dihydrochalcone. Fenofibrate crystalline powder (purity > 99%, Midas Pharma Ingelheim, Germany) and fenofibrate tablets (54 and 160 mg/tablet) containing drug in solid dispersion were kindly provided by Abbvie (AbbVie Deutschland GmbH & Co, Knollstrasse, Germany). AZD2207 EQ crystalline salt (hemi-1,5-naphthalenedisulfonate salt, 98% purity) and AZD2207 EQ capsules (0.5, 5, and 45 mg AZD2207 ba se equ ivalen t/cap ) wer e kind ly pro vided by AstraZeneca R&D Gothenburg, (Mölndal, Sweden). Excipients in capsules were lactose monohydrate and sodium stearyl fumarate. SB705498 crystalline free base (100% purity), immediate release tablets (25 mg/tablet), and capsules (200 mg/cap) were manufactured and donated by GSK (Ware, UK). Each capsule contained two 100 mg immediate release tablets and anhydrous lactose as a filler.
Excipients in the SB705498 tablets were lactose monohydrate, cellulose microcrystalline, sodium starch g l y c o l a t e , m a g n e s i u m s t e a r a t e , a n d h y d r o x y pr op y l l m e t hy l c el l u l o s e . C y c l o s p o r i n e A (cyclosporine) crystalline powder and commercially available self-emulsifying drug delivery systems, Sandimmun® capsules (100 mg/cap) and Sandimmun Neoral® capsules (25 and 100 mg/cap), were kindly provided by Novartis (Basel, Switzerland). Nifedipine crystalline powder was obtained from Sigma Aldrich (St. Louis, USA). Soft gelatin capsules (Adalat®, 10 mg/cap) were obtained from Bayer S.p.A. (Milan, Italy) and immediate release tablets (Macorel®, 10 mg/tab) were obtained from Elpen S.A. (Athens, Greece). Posaconazole crystalline powder (purity 100%) was kindly provided by the Chemical Research Division of MSD (Merck & Co., Inc., Kenilworth, NJ, USA). Itraconazole crystalline powder (purity 100%) was kindly provided by Janssen Research and Development (Beerse, Belgium). Sodium phosphate monobasic, sodium hydroxide, sodium chloride, ammonium formate, and pepsin from porcine gastric mucosa (15.8% protein) were purchased from Sigma Aldrich (St. Louis, USA). Hydrochloric acid was from Panreac Co. (Barcelona, Spain). Acetonitrile, 2-propanol, trifluoroacetic acid, formic acid, and water (HPLC grade) were also from Sigma Aldrich (St. Louis, USA). SIF® Powder Original was kindly donated by biorelevant.com (Surrey, UK).
Methods
Equilibrium Solubility Measurements in Biorelevant Media
Equilibrium solubility measurements were performed in Level III FaSSGF and Level II FaSSIF based on the recently proposed four levels of simulation of luminal composition, Level 0, Level I, Level II, and Level III (17) . Level III FaSSGF simulates the pH, buffer capacity, total bile salt concentration, total (lyso)phosphatidylcholine concentration and pepsin concentration in the bulk gastric contents after administration of a glass of water in the fasted state. Level II FaSSIF simulates similar characteristics in the fasted upper small intestine without taking into account the presence of proteins or enzymes (17) .
Excess amounts of Lu 35-138C, fenofibrate, AZD2207 EQ, posaconazole, SB705498, cyclosporine, or itraconazole were placed into 5-mL vials. Three milliliters of Level III FaSSGF (Level I FaSSGF for posaconazole) or Level II FaSSIF (17) were added to each vial. Vials were placed in a shaking incubator (75 oscillations/min, 37°C) until equilibrium was reached (16-24 h, data not shown). At equilibrium, samples were filtered through a regenerated cellulose 0.2-μm filter and concentrations were measured. Adsorption of APIs to the filter had been evaluated and found to be negligible in all cases. Measurements were performed in triplicate.
BioGIT Experiments
BioGIT is an open in vitro setup simulating drug dissolution and transfer from the fasted stomach into the upper small intestine, after drug administration with a glass of water (4, Fig. 1 ). The initial volume of the gastric compartment is 250 mL [a mini vessel with 500 mL capacity from Erweka (Heusenstamm, Germany) is used]. The duodenal volume is maintained at 40 mL during the entire experiment [a mini vessel with 100 mL capacity from Distek (New Brunswick, NJ, USA) is used]. The mini-paddles in gastric and duodenal compartments rotate at 75 rpm. The emptying of contents of the gastric compartment (on a volume basis) follows first-order kinetics with a half-life of 15 min (4). Experiments are performed at 37°C for 45 min using a three-channel peristaltic pump (Reglo ICC pump, part ISM 4308, Ismatec®). Incoming flow rates are changed every 10 min and sampling is performed at midpoint (4).
Due to limited availability of tablets, experiments with SB705498 tablets were performed in duplicate. All other experiments were performed in triplicate.
Contents of Gastric Compartment. For Lu 35-138C, three dose levels were investigated (Table I) : 15, 40, or 75 mL of the HP-β-CD solution were brought to the gastric compartment containing 235, 210, and 175 mL Level III FaSSGF, respectively. For fenofibrate, two dose levels were investigated (Table I) ; at each dose level, one Sample Treatment. Upon collection, each sample from the duodenal compartment was immediately filtered through regenerated cellulose filters (Titan 3, 17 mm, 0.2 μm, SUN SRi, Rockwood, USA). Adsorption on to the filter had been evaluated and found to be negligible in all cases. The filtrate was divided in two portions. The first was immediately diluted with mobile phase (so that precipitation during subsequent handling was avoided) for measuring apparent concentration. The second portion was used for measuring apparent equilibrium solubility by incubating it (37°C, 75 oscillations/min) in the presence of excess of solid material of compounds until equilibrium was reached. The duration of incubation for achieving equilibration was evaluated with preliminary experiments (16-24 h, data not shown). In experiments with Lu 35-138C, specifically, upon collection, each sample was divided in two parts. In the first part, total Lu 35-138 amount per volume (solid and in solution, expressed in μg/mL) was measured. The second part was filtered immediately and treated as described above for all other APIs.
Analytical Methods
Quantification of the model compounds was performed with HPLC and the chromatographic conditions are presented in Table II .
Data Treatment
AUC 0-0.75h values were calculated from the apparent concentration versus time data in the duodenal compartment of the BioGIT, after each experiment, using data at 5, 15, 25, 35, and 45 min. AUC 0-0.75h was used to estimate early exposure. The same procedures were applied also to BioGIT data collected previously with Noxafil ® suspension at two posaconazole dose levels, 40 mg (6) and 400 mg (4), and with itraconazole (200 mg) using two different products, Sporanox® capsules (100 mg/cap; spray-dried solid dispersion in HPMC) and Sporanox® HP-β-CD solution (10 mg/mL) (6) .
To get an estimate of the absorption process during a period similar to the period in which the in vitro data were collected, AUC 0-1h was used as metric of early exposure in vivo. However, the number of plasma samples during the first hour after administration was limited, and hence to reduce variability of the estimated early exposure in vivo For fenofibrate, individual plasma data, after single dose administrations under fasting conditions of one 54 mg and one 160 mg solid dispersion tablet to 20 and 19 volunteers, respectively, were available from Abbvie (data on file). AUC 0-1h and AUC 0-2h estimations were based on plasma concentrations at 1 h post-dosing and at 1 and 2 h postdosing, respectively. Median values for T max , after the 54 mg dose administration and after the 160 mg dose administration, were identical, 2.0 h.
For AZD2207, individual plasma data, after single dose administrations of 8, 30, and 100 mg AZD2207 equivalent of AZD2207 EQ capsules to 6 fasted volunteers were available from AstraZeneca (data on file). AUC 0-1h and AUC 0-2h estimations were based on plasma concentrations at 0.33, 0.65, and 1 h post-dosing and at 0.33, 0.65, 1, and 2 h post-dosing, respectively. Median T max values were 2, 4.5, and 2.75 h, after the 8 mg, the 30 mg, and the 100 mg dose, respectively.
For posaconazole, plasma data, after single dose administrations of 40 mg (1 mL, Noxafil® suspension, 40 mg/mL) to 5 fasted volunteers and 400 mg (10 mL, Noxafil® suspension, 40 mg/mL) to 5 fasted volunteers, were extracted from p u b l i s h e d m e a n p l a s m a p r o fi l e s ( 2 3 , 2 4 ) using WebPlotDigitizer 4.0 (TX, USA). The formulation and doses that had been administered were identical to those previously used for collecting the BioGIT data (6) . AUC 0-1h and AUC 0-2h estimations were based on mean plasma concentrations at 0.5 and 1 h post-dosing and at 0.5, 1, 1.5, and 2 h post-dosing, respectively. T max values were 3.5 h (median value, KULeuven data on file) and 6 h (from the mean plasma profile) after the 40 and 400 mg dose, respectively.
For SB705498, individual plasma data, after single dose administrations of tablets and capsules to 19 and 12 fasted volunteers, respectively, were available (GSK data on file). AUC 0-1h estimations were based on plasma concentrations at 0.25, 0.5, 0.75, and 1 h post-dosing for the tablets and at 0.5 and 1 h post-dosing for the capsules. AUC 0-2h estimations were based on plasma concentrations at 0.25, 0.5, 0.75, 1, 1.5, and 2 h post-dosing for the tablets and at 0.5, 1, 1.5, and 2 h post-dosing for the capsules. Median T max values were 2 and 1.5 h, after the administration of the tablet and capsule formulation, respectively.
For cyclosporine, individual plasma data, after single dose administrations of 300 mg Sandimmun® capsules (3 × 100 mg/cap) and of 180 mg Sandimmun® Neoral capsules (3 × 60 mg/cap) to 24 healthy fasted adults on a crossover basis have previously been published (25) . It is acknowledged, therefore, that, in the present investigation, Sandimmun® Neoral capsules were tested at a slightly lower dose level (175 mg, Table I ), compared with the dose level previously used for collecting the plasma data (180 mg), due to unavailability of the 60 mg capsule strength. AUC 0-1h and AUC 0-2h estimations were based on plasma concentrations at 0.25, 0.5, 0.75, and 1 h postdosing and at 0.25, 0.5, 0.75, 1, 1.5. and 2 h post-dosing, respectively. Median T max values were 2 and 1.5 h, after the Sandimmun® capsules and the Sandimmun® Neoral capsules, respectively.
For nifedipine, mean plasma data after single dose administration of one Adalat® capsule to 7 fasted adults and of one Macorel® tablet to 18 fasted adults were extracted from published mean plasma profiles (26, 27) Individual plasma concentrations of itraconazole and hydro-itraconazole, after single dose administrations of 200 mg itraconazole in the form of Sporanox® capsules and Sporanox® solution to 5 healthy adults on a crossover basis, were provided by KULeuven (28) . The dose and formulations that had been administered were identical to those previously used for collecting the BioGIT data (6). AUC 0-1h and AUC 0-2h estimations were based on individual plasma concentrations at 0.5 and 1 h post-dosing and at 0.5, 1, 1.5, and 2 h post-dosing, respectively, after administration of both formulations. Median T max values were 2.5 h and 2 h after Sporanox® capsules and Sporanox® solution, respectively.
The impact of dose on AUC 0-0.75h , on AUC 0-1h , on AUC 0-2h , and on AUC 0-tlast was evaluated with a one way ANOVA and the Holm-Sidak post hoc test for Lu 35-138 and AZD2207 and with unpaired t test for fenofibrate. The impact of SB705498 formulation on AUC 0-1h , on AUC 0-2h , and on AUC 0-tlast value was evaluated with unpaired t test. The impact of cyclosporine formulation on AUC 0-0.75h was evaluated with unpaired t test whereas the impact of formulation on AUC 0-1h and on AUC 0-2h was evaluated with paired t test. The impact of posaconazole dose, nifedipine formulation, and itraconazole formulation on AUC 0-0.75h was evaluated with unpaired t test. The impact of posaconazole dose and of nifedipine formulation on AUC 0-1h , on AUC 0-2h , and on AUC 0-tlast values could not be evaluated statistically, as complete sets of individual plasma profiles or SD values for each API were not available. Since the normality test failed, the impact of itraconazole formulation on AUC 0-1h and on AUC 0-2h was evaluated with the Wilcoxon test. All statistical comparisons were performed at the 0.05 level using SigmaPlot for Windows version 11.0 (Systat Software, Inc.). 
of Differences in Early Exposure
To allow for a statistical analysis of all available data together, the following normalization was applied: mean AUC 0-0.75h values estimated from BioGIT data, and mean AUC 0-1h and AUC 0-2h values estimated from plasma data were transformed into ratios of mean BioGIT AUC values and ratios of mean plasma AUC values by using the lowest dose (of Lu 35-138C, fenofibrate, AZD2207 EQ, and posaconazole) as the denominator or the formulation (of SB705498, cyclosporine, nifedipine, and itraconazole) with the lower AUC 0-0.75h in BioGIT as the denominator. Initially, two Spearman rank order correlations were performed; one between mean BioGIT AUC 0-0.75h ratios and mean plasma AUC 0-1h ratios and one between mean BioGIT AUC 0-0.75h ratios and mean plasma AUC 0-2h ratios. The relative standard deviation (RSD) values and standard errors (SE) of the ratios of mean BioGIT AUC 0-0.75h values and, depending on the availability of individual plasma levels, of mean plasma AUC 0-1h and AUC 0-2h values were estimated using standard error propagation methods. RSD values of the ratios of plasma AUC 0-1h values or of plasma AUC 0-2h values were 4-75 times greater than the RSD values of the corresponding ratios of BioGIT AUC 0-0.75h values. Therefore, a simple linear regression analysis was performed with the BioGIT AUC 0-0.75h ratios as the independent variable (29) , for assessing the quantitative relationship between the ratios of mean plasma AUCs and the ratios of mean BioGIT AUCs. To achieve a normal and homoscedastic distribution of the points around the regression line (29), a logarithmic transformation of both the plasma AUC ratios and the BioGIT AUC ratios was applied.
RESULTS AND DISCUSSION
Solubility Classification of Model Compounds
Based on data shown in Fig. 2 , dose/solubility ratios for the doses tested in the present investigation (Table I) 
BioGIT Data for Assessing the Impact of Dose on Early Exposure
Lu 35-138C HP-β-CD Solutions
At each dose level, apparent concentrations of Lu 35-138 (non-complexed and complexed with HP-β-CD) were almost identical to the corresponding total amounts per volume, suggesting no precipitation in the duodenal compartment during the entire experiment (Fig. 3a) .
At the lowest dose level (15 mg), mean apparent concentrations of Lu 35-138 in the duodenal compartment were slightly higher than or similar to the apparent equilibrium solubility. Mean(SD) (n = 3) values of the equilibrium solubility in the duodenal compartment at each time point ranged from 28.26(0.69) to 22.13(0.66) μg/mL (Fig. 3a) . Since mean(SD) solubility of Lu 35-138C in Level II FaSSIF was 25.17(0.11) μg/mL (Fig. 2) , it could be observed that at the 15 mg dose level, HP-β-CD concentration in the duodenal compartment was too small to induce substantial solubilization effects in the duodenal compartment.
In contrast, at the two higher doses (40 and 75 mg) HP-β-CD concentrations were adequate to solubilize Lu 35-138 (Fig. 3a , gray diamonds and squares versus Fig. 1 , Lu 35-138C solubility in Level II FaSSIF). In addition, contents of the duodenal compartment were apparently supersaturated, i.e., concentrations were higher than the apparent equilibrium solubility in the duodenal compartment, in all cases, except the 45 min time point with the 40 mg dose (Fig. 3a , white versus gray diamonds). Cyclodextrins, apart from solubilizing drugs through the formation of dynamic inclusion complexes (33) , can also inhibit nucleation and crystal growth through non-complex based mechanisms (34); bile salts can exclude the drug from the cyclodextrin cavity and displacement can trigger supersaturation (35) .
Mean AUC 0-0.75h values estimated from BioGIT data increased with the dose and the impact of dose was significant (Table III, p < 0.001). All post hoc pairwise comparisons resulted in statistically significant differences. In vivo only the non-complexed compound can be considered for absorption and, as indicated from relatively long T max values for a BCS Class II API [median T max values 3.5-5 h were observed (H. Lundbeck A/S, data on file)], the absorption process was extended. The complexation efficiency (36) of Lu 35-138 with HP-β-CD, i.e., the product of the association constant (k as ) with the solubility of Lu 35-138 in the medium could provide an idea on whether changes in total drug concentrations directly reflect changes in free drug concentrations. (Table III) and the impact of dose was significant (p < 0.001).
All post hoc pairwise comparisons of AUC 0-1h values and of AUC 0-2h values resulted in statistically significant differences.
AUC 0-tlast values also varied with the dose in a similar manner (H. Lundbeck A/S data on file, p < 0.001) and post hoc comparisons resulted in significant difference in all cases. These data suggest that differences in the absorption rates of Lu 35-138 with the dose from the upper small intestine, after administration as complex with HP-β-CD were maintained during the entire absorption process.
Fenofibrate Solid Dispersion Tablets
Contents of the duodenal compartment were apparently supersaturated with fenofibrate at times longer than 5 min, after the initiation of the experiment with the 54 mg tablet or with the 160 mg tablet (Fig. 3b) . Mean(SD) (n = 3) apparent solubility value at each time point ranged from 12.1(3.2) to 14.91(0.60) μg/mL, in line with mean(SD) apparent solubility in Level II FaSSIF 14.42(0.15) μg/mL (Fig. 2) .
At 5 min, apparent concentrations of fenofibrate were below or close to saturation, reflecting the lower concentrations in the gastric compartment during the tablet disintegration process. Mean AUC 0-0.75h values calculated from BioGIT data were higher at the 160 mg dose level (Table III) and the difference from the data collected at the 54 mg dose level was statistically significant (p = 0.003). Similarly, mean AUC 0-1h and AUC 0-2h values calculated from previously collected plasma data were higher after administration of the 160 mg tablet. Differences of AUC 0-1h and AUC 0-2h values between doses were statistically significant (p < 0.001 for both comparisons) and similar with that observed in vitro (Table III) .
It is interesting to note that the difference between the two doses in AUC 0-tlast values estimated from plasma data was in line with BioGIT data and statistically significant; mean(SD) values were calculated to be 53 (20) μg × h/mL and 116(61) μg × h/mL, after the 54 and 160 mg dose, respectively (Abbvie data on file, p < 0.001). This could be related with the fact that, based on the median T max values (2.0 h after both the 54 mg and the 160 mg administration), absorption was almost complete from the upper/ middle small intestine, i.e., differences up to about 2 h post-dosing reflected differences in total amounts absorbed.
AZD2207 EQ Capsules
At the lowest dose level (8 mg), the apparent concentration in the duodenal compartment was close or below the apparent saturation level at all time points (Fig. 3c , white versus gray circles). Mean(SD) (n = 3) apparent equilibrium solubility at each time point ranged from 7.98(0.28) to 8.27(0.28) μg/mL, in line with mean(SD) solubility in Level II FaSSIF [8.58(0.31), Fig. 2] .
In contrast, at higher doses (30 and 100 mg) contents of the duodenal compartment were apparently supersaturated (Fig. 3c , white versus gray diamonds and white versus gray squares) during the first 25 min and the first 35 min for the 30 mg dose and the 100 mg dose, respectively.
Mean AUC 0-0.75h values calculated from BioGIT data increased with the dose (Table III) , especially from the 8 mg dose to the 30 mg dose (Table III) . The impact of dose was significant (p < 0.001) and all post hoc pairwise comparisons resulted in statistically significant differences.
Mean AUC 0-1h and AUC 0-2h values calculated from previously collected plasma data increased with dose BioGIT AUC 0-0.75h , plasma AUC 0-1h , and plasma AUC 0-2h values normalized by the corresponding doses indicated that absorption early after administration of the highest dose was slower. However, the ratio [AUC 0-tlast of the highest dose/AUC 0-tlast of the lowest dose] was close to the ratio of the two doses, i.e., 11 and 12, respectively. This was in line with previous estimations on the linearity of AUC with the dose up to 100 mg (11) and implies problematic absorption rates but not extent of absorption for highest dose. Slower absorption at the highest dose could be related with increased precipitation in upper small intestine at higher doses. Such possibility was in line with the longer median T max values at higher doses (2, 4.5, and 2.75 h for the 8, 30, and 100 mg dose, respectively (AZ data in file).
Posaconazole Suspension
Based οn literature data, contents in the duodenal compartment were apparently supersaturated with posaconazole when using a 40 mg dose (the degree of apparent supersaturation, i.e., [apparent concentration]/[apparent equilibrium solubility], was about 3.4), but saturated when using the 400 mg dose (degree of apparent supersaturation was about 1) (4,6). Previously reported grand mean apparent solubility in the duodenal compartment (3.27 μg/ml) (6) was similar to the mean(SD) apparent solubility in Level II FaSSIF 2.370(0.080) μg/mL (Fig. 2) . The difference in supersaturation between the two doses could be attributed to the more extensive precipitation for the 400 mg dose, due to the increased presence of undissolved particles coming from the gastric compartment. Such explanation was also in line with the extended T max value after the 400 mg dose (6 h) compared with the T max value observed after the 40 mg dose (3.5 h). Mean AUC 0-0.75h values calculated from BioGIT data were higher at the 40 mg dose level (Table III) and the difference from the data collected at the 400 mg dose level was statistically significant (p < 0.001). Mean AUC 0-1h values were also higher at the 40 mg dose level. The ratio [AUC 0-tlast of the 400 mg dose/AUC 0-tlast of the 40 mg dose] (4.8) was much lower than the ratio of the two doses (10) , implying that the increased precipitation in upper small intestine, after the 400 mg dose, decreased, also, the total % absorbed.
BioGIT Data for Assessing the Impact of Formulation on Early Exposure
SB705498 Immediate Release Products
Contents of the duodenal compartment were apparently supersaturated in all cases, apart from 5 min when the capsule was used (Fig. 4a) . At 5 min, the capsule shell was not dissolved in the gastric compartment. Mean(SD) (n = 3) apparent equilibrium solubility at each time point during the experiment with capsules ranged from 2.39(0.21) to 2.58(0.15) μg/mL. Mean (n = 2) apparent equilibrium solubility at each time point during the experiment with tablets ranged from 2.77 to 3.39 μg/mL. These values were similar to the mean(SD) (n = 3) values estimated in Level II FaSSIF [2.728 (0.012) μg/mL (Fig. 1)] .
Mean AUC 0-0.75h values estimated from BioGIT data were higher for the tablets (Table IV) . The difference between the two formulations in the AUC 0-1h values and in the AUC 0-2h values estimated from previously collected plasma data (Table IV) were statistically significant (p = 0.025 and p = 0.002, respectively). The difference in total exposure was also significant (p = 0.004); [dose tablet/dose capsule = 1 whereas [AUC 0-tlast tablet/AUC 0-tlast capsule] = 1.7 (GSK data on file). This may be related to the short duration of absorption and its completion in the upper/middle small intestine (median T max values were 2 and 1.5 h after tablets and capsules, respectively).
Cyclosporine Lipid-Based Products
The concentrations in the duodenal compartment were below the apparent saturation level at all times for both products (Fig. 4b) . During the experiments with Sandimmun ® capsules, mean (n = 2) values of the apparent equilibrium solubility of cyclosporine ranged from 36.4 to 42.5 μg/mL (Fig. 4b) , similar to the mean (SD) (n = 3) values estimated in Level II FaSSIF [43.76(0.34) μg/mL (Fig. 1)] . In contrast, during the experiment with Sandimmun Neoral ® capsules, a much higher apparent equilibrium solubility of cyclosporine was measured at most time a Data are in nM·h; plasma data were estimated from mean plasma profiles points ranging from 38.6 to 3172 μg/mL (n = 5, median 1747 μg/ mL) and reflecting the increased solubilizing capacity of excipients in the Sandimmun Neoral ® formulation. However, it should also be considered that the efficiency of separation of lipid particles from the micellar phase of contents in the duodenal compartment during the filtration (cutoff size 0.2 μm) may be a potential issue with self-emulsifying drug delivery systems.
Mean AUC 0.75h values calculated from the BioGIT data were higher for Sandimmun Neoral ® capsules, in line with both the mean AUC 0-1h and the mean AUC 0-2h values calculated from previously collected plasma data (Table IV) . Differences between the two tested products in AUC 0-0.75h in AUC 0-1h values and in AUC 0-2h values were significant (p < 0.001 for each comparison). However, differences between the two products in early exposure in vivo, i.e., between AUC 0-1h or between AUC 0-2h , were overestimated by BioGIT data (Table IV) , most likely, due to the inefficient separation of lipid particles from the micellar phase of contents of duodenal compartment of BioGIT.
Nifedipine Products
Contents of the duodenal compartment of BioGIT were apparently unsaturated with nifedipine in all cases, except in one case: 15 min after the initiation of the experiment with Adalat® capsule contents were apparently saturated (Fig. 4c) . Mean(SD) (n = 3) apparent solubility value at each time point ranged from 23.8(3.5) to 24.8(3.0) μg/mL, slightly higher than the apparent solubility in Level II FaSSIF-V2 previously reported (19.77 μg/mL (Fig. 2) . Mean AUC 0-0.75h values calculated from BioGIT data were higher when Adalat® capsule was used (Table IV) and the difference from the data collected with Macorel® tablet was statistically significant (p < 0.001). The difference was in line with the mean differences between Macorel® tablet and Adalat® capsule for AUC 0-1h values (Table IV) , AUC 0-2h values (Table IV) 
Itraconazole Products
Based on literature data, contents of the duodenal compartment were significantly supersaturated with itraconazole during the entire duration of the experiment with both formulations, with the solution resulting to higher degrees of supersaturation (42-102) compared with the capsule (3.3-18) (6). Mean apparent solubility in the duodenal compartment during the experiments were 0.47 and 1.19 μg/mL with the capsule and the solution, respectively (6) . These values were in line with the mean(SD) apparent solubility of itraconazole in Level II FaSSIF 0.45(0.12) μg/mL (Fig. 2) and the solubilizing effect of HP-β-CD. Mean AUC 0-0.75h values calculated from BioGIT data were higher when using Sporanox® solution (Table IV) and the difference from the data collected with Sporanox® capsules was significant (p < 0.001). Mean AUC 0-1h and mean AUC 0-2h values were also higher with Sporanox® solution (Table IV) (Fig. 2) , complexation efficiency (estimated as described above for Lu 35-138) is very low (0.0013) and changes in total drug concentrations should directly reflect changes in free drug concentrations (37) . Therefore, the lack of significant differences between the two 
Statistical Evaluation of the Usefulness of BioGIT Data for the Prediction of Differences in Early Exposure
Scatter plots of the ratios of mean plasma AUC 0-1h and AUC 0-2h values versus ratios of mean BioGIT AUC 0-0.75h values were constructed, after excluding cyclosporine data (Supplemental 1). Cyclosporine data, although trending to the correct direction, they were outliers (in vivo ratios are 2.3 and 1.7 whereas in vitro ratio is 40), due to inefficient separation of lipid particles from the micellar phase of contents of duodenal compartment and, thus, substantial overestimation of difference in early exposure by the BioGIT data. Spearman rank order correlations was significant for both the AUC 0-1h vs. AUC 0-0.75h ratios (n = 9; p < 0.0001; R = 0.87) and for the AUC 0-2h versus AUC 0-0.75h ratios (n = 9; p < 0.0001; R = 0.87), suggesting that BioGIT data were useful for qualitative evaluation of differences up to 2 h after administration.
The The linear regression of the ratios of log-transformed ratios of mean plasma AUC 0-2h values with the log-transformed ratios of mean BioGIT AUC 0-0.75h values was also significant (p = 0.022). However, the less favorable statistical characteristics (power = 0.650; R = 0.74) suggest that despite the higher accuracy in estimating early exposure, raw BioGIT data may not be used for quantitative evaluation of differences for periods longer than about 1 h after administration.
One issue with the validation of novel methodologies in regard to their biorelevance is the existence of in vivo data of formulations which are appropriate for the specific setup and for which dose units are still available to be tested in the in vitro model. The OrBiTo project provided this opportunity but, still, for some of the formulations, only few data points could be used (based on the existing plasma data). This was the main reason for testing AUC values estimated up to 1 h and up to 2 h post-dosing.
CONCLUDING REMARKS
The present study demonstrated that the BioGIT system is useful for qualitative detection of the impact of dose and of formulation on early exposure. Importantly, BioGIT AUC 0-0.75h ratios of two doses or two different products between 0.3 and 10 directly reflect corresponding plasma AUC 0-1h ratios.
Data of this study confirm earlier observations based on which the BioGIT system is useful for estimating drug concentrations in the upper small intestine during the first hour after administration in the fasted state, especially when supersaturation of contents and/ or drug precipitation are involved. Relevant information could be very useful in physiologically based pharmacokinetic (PBPK) modeling. Based on a series of recent publications from the OrBiTo project (39) (40) (41) , prospective PBPK modeling of plasma profiles, after oral administration, using a bottom-up approaches is limited by the reliability of estimation of clearance and volume of distribution, quality of intestinal permeability data, quality of solubility data, and characterization of intestinal metabolism or transporter involvement. The development of methodologies for implementing BioGIT data into PBPK models and methodologies for the evaluation of processes taking place in the middle/lower small intestine using the BioGIT system as a basis would greatly improve PBPK modeling approaches and facilitate the development of orally administered drug products.
